ABSTRACT | The effect of methylene blue (MethyB) on the development of gastric mucosal injury caused by orally given acidified sodium taurocholate (80 mM in 2 ml of 0.15 N HCI) in pylorus-ligated rats was studied. MethyB was intraperitoneally given at doses of 20 and 40 mg/kg at time of pylorus-ligation, and animals were euthanized 90 min later, when gastric secretory responses and the number and severity of mucosal lesions were determined. Lipid peroxidation (malondialdehyde), nitric oxide, reduced glutathione (GSH), and paraoxonase-1 (PON-1) activity in gastric homogenates were measured. Gastric mucosal histopathology and histochemical staining for mucopolysaccharides were also done. Results indicated that acidified sodium taurocholate (Na + -taurocholate) caused severe gastric lesions. It also increased gastric malondialdehyde by 70% and decreased GSH levels by 36.4% compared with the corresponding control values. Additionally, nitric oxide decreased by 49.3% and PON-1 activity fell by 54.2% in gastric tissue of Na + -taurocholate-treated rats. The administration of MethyB reduced the number and severity of gastric mucosal lesions but had no effect on gastric acid secretion in Na + -taurocholate-treated rats. MethyB resulted in decreased malondialdehyde and increased GSH, nitric oxide, and PON-1 activity in a dose-dependent manner. Na + -taurocholate caused massive sloughing and hemorrhagic erosions of the superficial parts of gastric epithelium, lamina propria, and sloughing of gastric glands. These changes were markedly attenuated by MethyB at 40 mg/kg. MethyB also restored gastric mucus as indicated by the increase in apical epithelial cells positively stained with periodic acid Schiff. These data suggest a protective effect for MethyB against gastric mucosal damage caused by Na + -taurocholate which is likely to be due to decreased oxidative stress.
INTRODUCTION
The gastric mucosa is constantly exposed to high concentrations of intraluminal acid and the proteolytic enzymes, pepsins. In addition, reflux of bile acids, intake of non-steroidal anti-inflammatory drugs (NSAIDs), and ethanol consumption constitute a serious threat to the gastric mucosa [1] . The latter owes its remarkable resistance, to acid-pepsins and other noxious agents in the lumen, to a group of defense mechanisms that collectively constitute the so called "the gastric mucosal barrier" [2] . These include the supply of bicarbonate and mucus by the surface epithelial cells constituting the "mucus-bicarbonate barrier" which, in addition to surface phospholipids, prevents the back-diffusion of H + from the lumen. Maintaining adequate gastric mucosal blood flow and in particular the microcirculation is also crucial to the integrity of the gastric mucosa, by providing adequate bicarbonate for buffering and disposal of back-diffused H + that has permeated the mucosa and by supplying oxygen and nutrients to cells [2] [3] [4] . In the gastric mucosa, sensory nerves, prostaglandins, and nitric oxide orchestrate many aspects of the gastric mucosal barrier and play a fundamental role in maintaining the integrity of the gastric mucosa [5] [6] [7] . Damage to the gastric mucosa ensues when the above defense mechanisms become overwhelmed by excessive back-diffused H + resulting from the action of barrier breakers, including NSAIDs, bile salts, and ethanol, among others [1, 4] .
In humans, methylene blue (MethyB) has a number of important clinical applications. It is well known for a role in the treatment of methemoglobinemia [8] , and cyanide poisoning [9, 10] . It is also employed in the management of severe sepsis [11] , and hypotension that is refractory to vasopressor agents and intravenous fluids [12] . The dye is also an effective remedy for encephalopathy caused by the alkylating agent ifosfamide [13, 14] . Recent interest in MethyB focuses on its neuroprotective potential that has been demonstrated in various in vitro and in vivo models of Parkinson's disease [15] [16] [17] , Huntington's disease VOLUME 7 | ISSUE 20 | MARCH 2019 ©2019 AIMSCI Inc. All Rights Reserved. [18] , and Alzheimer's disease [19] , and in mitigating neurotoxicity caused by organophosphates [20] . It also protected against brain and liver damage during endotoxemia [21] . MethyB showed antioxidant properties which prevent the formation of mitochondrial oxygen free radicals [16, 22] . It was shown that MethyB could increase brain cytochrome c oxidase activity [23] , activity of mitochondrial complexes I-III, and brain oxygen consumption [24] .
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In this study, the effect of MethyB on the gastric mucosa after the administration of the barrier breaker Na + -taurocholate was studied. Reflux of bile acids into the stomach has been implicated in the development of gastritis and gastric ulcer. Na + -taurocholate instilled into the human stomach was shown to cause biochemical and endoscopic damage to the mucosa [25] . Acidified Na + -taurocholate introduced into the rat stomach has been shown to cause marked H + backdiffusion and extensive gastric mucosal lesions and has been used as a model to study the pathogenetic mechanisms involved in bile-reflux disease and likely therapeutic interventions [26] [27] [28] .
MATERIALS AND METHODS

Animals
Sprague-Dawley rats of both sexes, 140-150 g, were used in the study. The animals were provided by the Animal House of the National Research Centre (Cairo, Egypt). The rats were group-housed under temperature-and light-controlled conditions and allowed standard laboratory rodent chow and water ad libitum. Animal procedures followed the recommendations of the Ethics Committee of the National Research Centre (Cairo, Egypt) and the United States National Institutes of Health Guide for Care and Use of Laboratory Animals (Publication No. 85-23, revised 1985).
Drugs and chemicals
MethyB, Na + -taurocholate, and other chemicals and reagents were purchased from Sigma-Aldrich (St Louis, MO, USA).
Gastric Ulcerogenic Studies
The rats were divided into four equal groups (six rats each). Gastric mucosal damage was induced in pylorus-ligated by the orogastric administration of acidified sodium taurocholate (80 mM in 2 ml of 0.15 N HCI) [27] . The effect of MethyB (20 and 40 mg/kg, via intraperitoneal injection) given at the time of Na + -taurocholate administration was studied. The rats were euthanized 90 min after the above treatment. The stomachs were then removed, opened along the greater curvature, rinsed with normal saline, extended on a plastic board, and examined for the presence of mucosal lesions. The number and severity of mucosal lesions were examined and lesions were scaled according to Mózsik et al. [29] as follows: petechial lesions = 1; lesions smaller than 1 mm = 2; lesions between 1 and 2 mm = 3; lesions between 2 and 4 mm = 4; and lesions bigger than 4 mm = 5. A total lesion score for each animal is calculated as the total number of lesions multiplied by the respective severity scores and results are expressed as the severity of lesions/rat.
Gastric Secretory Studies
The volume of gastric contents was measured, and the acid output was determined by titration with 0.1 N NaOH to pH 7.0. The H + output is expressed in µEq/rat/90 min.
Determination of Oxidative Stress Markers
Determination of Lipid Peroxidation
Lipid peroxidation was measured by determining malondialdehyde (MDA) according to Ruiz-Larrea et al. [30] . In this assay, 2-thiobarbituric acid reacts with MDA at 25°C to yield a red colored complex which is measured spectrophotometrically at 532 nm.
Determination of Reduced Glutathione
Reduced glutathione (GSH) was determined according to Ellman et al. [31] . The Ellman's reagent 5,5′-dithiobis (2-nitrobenzoic acid) reacts with the free thiol group of GSH to form 2-nitro-5-mercaptobenzoic acid. The chromophore has yellow color and is determined spectrophotometrically at 412 nm.
Determination of Nitric Oxide
Nitric oxide was determined using the Griess reagent. Nitrate is converted to nitrite by the enzyme nitrate reductase. Nitrite then reacts with the Griess reagent 
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to form a purple azo compound, and its absorbance is measured spectrophotometrically at 540 nm [32] .
Determination of Paraoxonase-1 Activity
Paraoxonase-1 (PON-1) arylesterase activity was measured using phenylacetate as a substrate and the formation of phenol was measured by monitoring the increase in absorbance at 270 nm at 25°C. One unit of arylesterase activity is defined as 1 μmol of phenol formed per min. Enzyme activity was calculated based on the extinction coefficient of phenol of 1310 M -1 cm -1 at 270 nm, pH 8.0 and 25°C, and expressed as kilo international unit/liter (kU/L) [33] .
Determination of Hydroxyproline
Gastric hydroxyproline content was determined using the colorimetric method described by Bergman and Loxley [21] .
Histopathological Studies
For histopathologic assessment, the stomachs were pinned flat on a cardboard and immersed in a 10% formalin solution and later embedded in paraffin. From the paraffin-embedded tissue blocks, hematoxylin and eosin (H&E)-stained sections were coded. Sections were evaluated qualitatively under light microscopy. Morphometric measurement of the mean value of mucosal thickness was done by image analysis (Leica Qwin 500, Cambridge, UK).
Histochemical Studies
Sections of 5 µm thickness of the glandular portion of the rat stomach of each group were stained with periodic acid-Schiff (PAS) stain to observe for mucus production and to note the changes in both acidic and basic glycoproteins. Morphometric analysis of PAS stained sections was done using image analyzer (Leica Qwin 500) for detection of the PAS intensity. Images were captured with a 10x magnification objective. Five fields were randomly selected that did not include large non-connective tissue elements. A color image of positive spots of PAS could be made into a single linear scale of pixel intensities by converting the image to grayscale, using monochromatic incident light. The image was transformed into a gray image [a grid of pixels each representing the intensity or brightness at that point by a range of numbers, typically from 0 (black) to 255 (white)]. A gray scale image is a color mode that displays image using 256 shades of gray, referred to as 8-bit gray scale image. Each color was defined as a value between 0 and 255, where 0 is the darkest (black) and 255 is the lightest (white). The mean and the median intensity of PAS ranged from 0 (black) to 255 (total white). The final PAS intensity was calculated according to the formula f = 255 -i, where f denotes final PAS intensity, and i denotes mean PAS intensity obtained from the software; i ranges from 0 (zero = deep brown, highest expression) to 255 (total white) [34] .
Statistical Analysis
Values are presented as means ± standard error (SEM). Results of the ulcer number and severity were analyzed using Kruskal-Wallis non-parametric one-way analysis of variance (ANOVA) followed by MannWhitney multiple comparisons test. The results of the biochemical analysis and histopathology were analyzed using one-way ANOVA followed by Duncan's multiple range test. Statistical analysis of results was done using SPSS software (SAS Institute, Cary, NC). A probability value of less than 0.05 was considered statistically significant.
RESULTS
Effect of MethyB on Gastric Acid Secretion
Following orogastric administration of Na + -taurocholate, the gastric secretory volume and acid content were elevated by 28.0% and 40.5%, respectively, compared with the saline control value. MethyB given intraperitoneally at the time of pylorus-ligation at doses of 20 and 40 mg/kg did not affect gastric secretory volume or gastric acid output in response to Na + -taurocholate ( Table 1) .
Effect of MethyB on Gastric Mucosal Lesions
MethyB (20 and 40 mg/kg) given at the time of Na + -taurocholate administration prevented the development of gastric mucosal lesions in a dose-dependent manner. The severity of lesions caused by Na + -taurocholate was reduced from a control value of 38.7 ± 2.5 to 23.7 ± 1.9 and 15.4 
Effect of MethyB on Gastric Tissue Oxidative Stress
The administration of Na + -taurocholate resulted in a significant increase in gastric tissue MDA by 70% as compared to the saline control value. There were also significant decrements in gastric tissue nitric oxide and GSH by 49.4% and 36.4%, respectively, compared with corresponding control values. In rats treated with Na + -taurocholate, MethyB given at 20 and 40 mg/kg resulted in a significant decrease in tissue MDA by 48.8% and 52.2% and an increase in GSH content by 24.5% and 54.7%, respectively. In addition, tissue nitric oxide showed a 25.6% increment upon treating with the higher dose of MethyB ( Table 3) .
Effect of MethyB on Gastric Tissue PON-1
PON-1 activity in gastric tissue decreased by 54.2% in rats treated with only Na + -taurocholate as compared to the saline control value. PON-1 activity increased by 57% and 85.1% in rats treated with Na + -taurocholate and MethyB at 20 and 40 mg/kg, respectively, compared with the Na + -taurocholate control group ( Table 3) .
Effect of MethyB on Gastric Tissue Hydroxyproline
A significant increase in gastric hydroxyproline content by 186.5% was observed in rats treated with only Na + -taurocholate as compared to the saline control 
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value. MethyB given at 20 and 40 mg/kg resulted in a significant decrease of hydroxyproline content by 17.2% and 25.2%, respectively, as compared with the Na + -taurocholate control value ( Table 3 ).
Histopathological Results
By light microscopy, the histological examination of the stomach wall of the saline control group showed the normal structure being formed of mucosa, submucosa, and muscle layer; the mucosa was separated from the submucosa by a layer of smooth muscle, called muscuolaris mucosa. The mucosa consists of surface epithelium that invaginated forming the gastric pits (Figure 2A and 2B) . Sections of the stomach from rats treated with Na + -taurocholate showed massive sloughing and erosions of the superficial parts of gastric epithelium, lamina propria, and sloughing in gastric glands. Congestion and edema were seen (Figure 2A ). There were also severe congestion and multiple hemorrhagic erosions in the stomach tissue, particularly in mucus-secreting cells (Figure 2C) , signs of degeneration in the lining of gastric glands in the form of pyknosis, and some cells exhibiting eosinophilic cytoplasm with dark nuclei (Figure 2D and  2E) .
In rats treated with Na + -taurocholate, MethyB given at 20 mg/kg considerably attenuated but did not completely prevent the severity of the above histopathological changes, with some erosions in superficial gastric epithelial being detected. Marked vascular congestion in submucosal layer and an increase in inflammatory cells were seen. Thickening of muscularis mucosa could also be observed (Figure 2F and 2G). The stomach from rats treated with Na + -taurocholate and MethyB at 40 mg/kg exhibited normal architecture with inflammatory infiltrate and congestion of blood vessels (Figure 2H and 2I) .
Morphometric Results
In rats treated with only Na + -taurocholate, morphometric results showed a significance decrease (p < 0.05) in the thickness of stomach mucosa by 60.8% as compared with the saline-treated control group. Rats given methylene blue at doses of 20 and 40 mg/kg along with Na + -taurocholate showed significant increase (p < 0.05) in the thickness of the gastric mucosa as compared with Na + -taurocholate control group and the percentages of increase were 20.4% and 38.3%, respectively (Table 4) .
Histochemical Results
Sections of the stomach from saline-treated rats showed normal distribution of mucin. The magenta color in the apical epithelial cells showed glycoprotein accumulation in the gastric glands ( Figure 3A) . Rats 
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treated with only Na + -taurocholate showed complete depletion of PAS-stained granules in the erosive area of the apical epithelium, with a thin layer of mucin in other areas, i.e., degeneration of surface mucus (Figure 3B) . The gray level of PAS staining of this group was extensively decreased (p < 0.05) as compared with the saline control group (Table 5) . MethyB given at doses of 20 and 40 mg/kg along with Na + -taurocholate resulted in restoring the amount of mucus production demonstrated by more positively stained cells with PAS as compared to the group treated with Na + -taurocholate only (Figure 3C and 3D) . A significant increase by 71.0% and 86.6%, in the grey level of PAS staining (p < 0.05) was found in the groups treated with Na + -taurocholate and MethyB at doses of 20 and 40 mg/kg, respectively, compared with that treated with Na + -taurocholate only. Moreover, there was no significant difference in grey level of PAS staining between the groups treated with Na + -taurocholate and MethyB (20 or 40 mg/kg) and the saline-treated group (Table 5 ).
DISCUSSION
Previous studies demonstrated that extensive injury to the gastric mucosa could be evoked by the combined effect of bile salt and acid introduced into the human stomach [25] or that of rats [28, 35, 36] . The present findings are in accordance with these early studies. The orogastric administration of Na + -taurocholate in HCl resulted in severe gastric necrotic lesions. Histopathological examination of gastric tissue revealed sloughing and necrosis of the superficial epithelium extending into the gastric glands and lamina propria, as well as decreased mucosal thickness. Sodium taurocholate increases H + back-diffusion and, in the presence of exogenously given acid, results in severe damage to the gastric mucosa [27, 28] . Our results indicated increased gastric tissue oxidative stress by Na + -taurocholate evidenced by the increase in gastric MDA and the decrease in GSH levels. Moreover, there was a significant and marked decrease in nitric oxide in gastric tissue of Na + -taurocholate-treated rats. Nitric oxide is synthesized from L-arginine via the enzyme nitric oxide synthase (NOS), an enzyme that exists in two constitutively expressed isoforms, namely, endothelial and neuronal NOS. There is also a third inducible form of NOS (iNOS) which is not expressed under normal conditions. In the stomach, the constitutively released nitric oxide of endothelial origin is important in maintaining the gastric mucosal microcirculation and consequently mucosal integrity [37, 38] . Phillipson et al. [39] , however, found that iNOS was also constitutively expressed in the gastric mucosa and was involved in acid-induced hyperemia. The increase in mucosal blood flow in response to installation of intraluminal acid was not observed after non-selective inhibition of NOS or in iNOS-deficient mice. Thus, nitric oxide from iNOS could also be involved in gastric mucosal protection. Nitric oxide also inhibits gastric acid secretion, a major threat to the gastric mucosa [40] . The decrease in nitric oxide would therefore impair the ability of the stomach to withstand the combined effect of the exogenously given acid and the barrier breaker Na + -taurocholate 
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and to result in extensive mucosal damage as shown in this study.
In this study, the effect of the redox dye MethyB on the Na + -taurocholate-induced mucosal damage was investigated. Our findings provide the first evidence for a gastric protective effect of MethyB in this model of gastric mucosal damage. MethyB given via the intraperitoneal route was able to decrease the extent of the necrotic lesions caused by the acidified bile salt. The gastric protective effect of MethyB was confirmed by quantitative assessment of the extent of the histologic damage. It should be noted that the dye was given intraperitoneally and thus a direct topical action is not involved in the observed protection. Moreover, MethyB at the doses used in the study showed no inhibitory action on gastric acid secretion in Na + -taurocholate-treated rats. These observations thus suggest a cytoprotective property for MethyB. Cytoprotection is the term introduced by Robert and coworkers [41] to indicate the ability of prostaglandins to protect the gastric mucosa from such necrotizing agents as 0.6 M HCl and 100% ethanol, despite no inhibitory effect on gastric acid secretion. In this context, Utley et al. [42] have shown that the histamine H2 receptor blocker cimetidine was able to inhibit gastric mucosal damage due to Na + -taurocholate in HCl at doses devoid of anti-secretory activity. In contrast, anti-secretory doses of cimetidine or the proton pump 
inhibitor omeprazole were not protective. Other researchers reported inhibition of Na + -taurocholate mucosal lesions by non-anti-secretory doses of prostaglandin E2 and the muscarinic M1 receptor antagonist pirenzepine [28] . Prevention of Na + -taurocholate-induced gastric damage thus does not depend on inhibition of gastric acid secretion. On the other hand, damage could be exacerbated by inhibitors of prostaglandins synthesis [43] but could be prevented by a topically applied selective 5-lipoxygenase inhibitor, thereby, suggesting a role for inflammatory mediators [35] .
The mechanism by which MethyB protects the gastric mucosa against Na + -taurocholate is likely to involve decreased oxidative stress. Our results showed increased lipid peroxidation as indicated by the rise in the MDA level in the gastric tissue of Na + -taurocholate-treated rats. There was also a significant decrease in gastric GSH. The increase in lipid peroxidation and the decrease in GSH were attenuated by MethyB. The tripeptide GSH (L-γ-glutamyl-L-cysteinyl-glycine) is the most abundant non-protein thiol in the cell. GSH is an important antioxidant which scavenges free radicals and other reactive oxygen metabolites, such as hydroxyl radical, lipid peroxyl radical, peroxynitrite, and hypochlorous acid, both directly, and through enzymatic reactions involving glutathione reductase and glutathione peroxidase [44] . GSH is important in gastric mucosal defense. It has been shown that gastric mucosal GSH, glutathione peroxidase and glutathione S-transferase activities were lower in the patients with gastric ulcer compared with normal controls [45] . Gastric mucosal levels of GSH were also significantly lower and MDA levels were higher in patients with Helicobacter pylori-positive peptic ulcer or gastritis compared with controls, suggesting a role for increased free radicals [46] . On the other hand, oral supplementation with GSH was able to protect against gastritis and epithelial proliferation caused by Helicobacter suis in Mongolian gerbils [47] . In healthy human volunteers, ethanol introduced into the stomach evoked hyperemia and submucosal hemorrhagic lesions. Parenteral GSH prevented the depletion of gastric sulfhydryls and decreased the extent of gastric mucosal damage [48] . Studies suggested inhibition of NOS by MethyB [49] . In this study, however, nitric oxide, which was decreased in gastric tissue of Na + - 
taurocholate-treated rats, showed an increase after the higher dose of MethyB, most probably as a consequence of a gastric protective effect of the dye.
Paraoxonases are a group of detoxifying enzymes comprising three members [50] , and among them PON-1 has been of considerable interest in view of studies linking the enzyme to atherogenesis [51] , liver diseases [52] , and neurological disorders [53] . PON-1 possesses esterase and lactonase activities, and catalyzes the hydrolysis of the active metabolites, i.e., "oxons" of a number of organophosphates and many xenobiotics [50, 54] . The enzyme has an antioxidative activity preventing the oxidation of high-density lipoproteins in plasma and displays an anti-inflammatory action [51, 55] . It is inactivated by increasing levels of oxidative stress [56] . In this study, the arylesterase activity of the enzyme was measured to determine PON-1 status in gastric tissue. Our results showed for the first time that the activity of the enzyme was markedly inhibited following the development of mucosal damage by Na + -taurocholate. PON-1 activity increased in rats treated with MethyB at 20 and 40 mg/kg, most likely reflecting a decrease in oxidative stress and mucosal protection.
In this study, a marked increase in gastric tissue level of hydroxyproline was observed in the stomachs from Na + -taurocholate-treated rats. This increase in gastric hydroxyproline was reduced but not normalized by MethyB. Other researchers found increased hydroxyproline in gastric mucosa 2 and 4 h after intragastric administration of 50% ethanol-0.15 M HCl to rats compared with the untreated gastric mucosa [57] . We also showed that Na + -taurocholate resulted in extensive decrease in PAS + surface epithelial cells and gastric glands, indicating depletion of gastric mucus. The latter is an important component of the gastric mucosal barrier which retards the back-diffusion of luminal H + and thus protects the surface epithelial cells [58] . The administration of MethyB was able to prevent the Na + -taurocholate-induced depletion of gastric mucus, which could be another mechanism that underlies its gastric protective effect.
In summary, the present study indicated that MethyB administered via the intraperitoneal route protected against gastric mucosal damage caused by acidified bile salt. This action of MethyB involved a decrease in gastric tissue oxidative stress and increased mucus secretion. 
